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• '-·e-/ SUMMARY Solar ponds-are probably the simplest technology available for thermal conversion of solar energy. The salt gradient solar pond was developed in Israel in the early 1960s where research has been rejuvenated recently by the escalation in oil prices. Solar pond research and development has been pursued in the United States since 1970 with one salt gradient solar pond now operating commercially in Miamisburg, Ohio.
Although further research and development of solar ponds is desirable to perfect the technique, the basic technology is proven. The solar pond has been shown to be technically feasible arid economically viable for many applications.
Given an annual load profile and required· output temperatures, a solar pond may be sized to meet temperature and load requirements. After a start-up period ranging from about a month or two to one year, the solar pond achieves "steady state" operation.
The start-up period is necessary to heat the pond water and the ground surrounding it.
This report provides simple formulas in "cookbook" form to calculate the required pond surface area and depth.
These formulas will enable a potential user to determine the approximate size solar pond needed for the contemplated applica-tion and location. In addition, examples are given of solar pond sizes at various locations in the United States. 
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INTRODUCTIOJI
The solar pond is simultaneously a collector of solar radiation and a large body of thermal storage. Any pond. collects heat in the form of insolation absorbed into the pond itself and at its bottom.
The ordinary natural pond loses the heat through vertical convection currents and evaporation and convection at the pond surface.
The solar pond has artificial means to prevent vertical convection within the pond, evaporation and convection at the surface, or both.
Due to the pond's massive thermal storage and the measures taken to retard heat loss, a temperature loss of l0°C takes weeks, even in the absence of insolation.
Thus, the solar pond converts an intermittent energy source~-solar radiation--into a reliable source.
The efficiency of conversion 'from insolation to thermal energy ranges from about 10% to 30%, depending on pond location and output temperature. Although conversion efficiency is low, cost and complexity are very low. As a result, solar ponds provide a simple, economical, and reliable source of thermal energy suitable for applications such as district heating and cooling, low-temperature industrial process heating, or preheating for industrial processes. In addition, solar ponds in combination with organic Rankine engines or thermoelectric devices can be used as a continuous source of electricity. The economics of solar pond electricity production are currentli favorable but only for remote applications.
This report provides a simple method for determining the required surface area and depth of a solar pond. In general, the surface area controls the average annual output temperature of the pond.
The larger the surface area, the larger the received insolation compared to the load and, therefore, the higher the temperature of the heat delivered.
Once the surface area is determihed, the depth controls the seasonal variation in output temperature. The greater the depth, the larger the thermal mass and, therefore, the smaller the amplitude of seasonal temperature fluctuations.
The report begins by describing a base case salt gradient solar puucJ Jesign and providing simple steps to determine the required surface area and depth for a pond of this design (Section 2.0). Section 3.0 gives an example of the method and includes the results of a full-scale computer simulation for the same example. Section 4.0 uses the simple method presented in this report to obtain estimated pond sizes for various locations in the United States with only the base case salt gradient solar pond design being considered. Section 5.0 outlines the method for the more eeneral solar pond including salt gradient ponds diverging from the base case design and saltless ponds. Section 6.0 contains a discussion of the origins of errors in the simple method. SecLiu11 7.0 turns the method around by showing how to obtain estimated output temperatures for a pond given its size and shape.
It also describes how to obtain the demand served when output temperatures are specified.
Section 8.0 provides hints on how to apply the method to a practical sizing problem. The Appendix gives the theoretical derivation of the simple method.
RR-347
The salt gradient solar pond is the most thoroughly researched and well-established variety of solar pond (Nielsen, forthcoming; Tabor and Weinberger, forthcoming; Rabl and Nielsen 1975; Zangrando and Bryant 1978) . These ponds have been successfully operating for years in Ohio and New Mexico, as well as Israel and other areas.
The salt gradient pond ( Fig. 2-1 ) contains three layers:
the surface layer--a thin layer of nearly saltless water in which there are vertical convection currents due to wind and evaporation; the nonconvecting layer--a layer in which a salt concentration gradient (positive downward) prevents vertical convection; and the lower convecting layer-:-a storage layer in which the salt concentration is constant. The nonconvecting layer serves to insulate the storage laye,r, preventing most of the heat loss. The convection of the surface layer is unavoidable, due to the effects of wind and evaporation.
The bottom of the pond is usually lined with a blackened plastic film, to prevent leakage and to absorb the insolation that reaches the bottom. Heat removal to serve the load takes place in the storage layer either through a heat exchanger placed in the lower depths of the pond or by running the water through a heat exchanger placed nearby. For the simplest version of the solar pond sizing method, which is presented in this section, a "base case" salt gradient pond with a surface convecting layer 0.3 m thick and a nonconvecting layer 1.2 m thick is assumed. These parameters are not necessarily optimal for every location and application, but they provide a conservative estimate of required pond size. The sizing method for more general salt gradient ponds and for saltless ponds is presented in Section 5.0.
For the base case salt gradient pond, an average optical transmission of 0.31 through the surface convecting and nonconvecting layers is assumed.
Surface (1) Multiply the insolation I by the adjustment factor f to obtain Ir, the insolation received after adjustment for surface reflection losses. The factor f is a function of latitude ~' as shown in Table  2 -2.
(2) Multiply Ir by 0.31 to obtain lp, the insolation received in the pond Aft~r adjcistment for reflection and transmission losses. To obtain the required area in acres, multiply by 0.000247.
The fact that some of the constants have several significant digits does not imply a like accuracy in the result. 1'he sreat!ir the depth of the pond, the greater ito thermal mass and, therefore, the smaller its seasonal temperature fluctuations. Because of excavation and salt costs, it is desirable to ~eep the depth at the minimum that assures a specified minimum pond temperature.
The calculation of the depth requirement is more complex than ·the calculation of the surface area requirement. It does not yield a closed form solution for the required depth; rather, a depth is input and a resulting minimum pond temperature is obtained. The required depth to satisfy a specified minimum temperature requirement must be obtained by trial and error. Nevertheless, the calculations can be executed easily on a hand-held programmable calculator. 
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Calculations
(1) Adjust Imin for reflection at the pond 1 s surface by looking up the factor in Table 2 -2 for~+ 24°, then multiplying this factor by !min to obtain rr,min" (2) Multiply 1 r,min by 0.29 to obtain Ip,min" 
To facilitate these calculations, Table 2 -3 gives values of cos 21Ta and sin 21Ta for the various values of M.
( 5) Determine the required depth by trial and error. Select a trial depth D and compute tmin' the resulting minimum pond temperature, as follows:
Repeat with another trial D until a value of D is found such that t . = T . , the desired minimum pond temperature. The value of D tWij~ obt~IRed is the depth of the pond's storage layer.
( 6) Add l • .'l m t:n n t:n r~rrmmt fnr the i\.lrfacQ convecting layor and the nonconvecting layer to obtain the total pond depth. $5:~I~M~ _______________________ R_R_-3_4_7
SECTION 3.0 EIAHPLES
A solar pond is to be sized to provide heat to an office building in winter, hot water year-round, and heat to run an absorption cooler in the summer. The average annual load has been determined to be 280 kWth' with·the load reaching a maximum of 480 kWth in Ju~y. For the heating load in winter, the pond output temperature should be at least 48°C. In summer, the pond output temperature must be at least 75°C to run the absorption cooler. Therefore, it is as,sumed that an annual average pond temperature of 70°C with a winter minimum of 48°C should be sufficient to provide the heat required.
The site at which the pond is to be built is at a latitude 39°. The average annual ambient temperature is 10°C, reaching a minimum average of -2°C for the month of January. The average annual insolation is 206 W/m2 with a minimum of 96 W/m2 for the month of December. Symbolically, 280,000 W, the averag~ annual load; 39°, the latitude; = 48°C, the minimum desired pond temperature; -2°C, the average ambient temperature in the coldest month; = 96 W/m2 the average insolation in the least sunny month; 480,000 W, the average load in the month with the highest demand; = 7, the number of the month (July) with the highest demand.
SURFACE AREA CALCULATION
Using Section 2.1.2 as a reference, do the following calculations.
( 1) From Table 2 -2, the reflection loss adjustment factor f at latitude 39° is 0. 97; hence, the average annual insolation adjusted for reflection losses Ir is 0.97 x 206 = 200 W/m2.
( 2) Ip = 0. 31 x Ir = 0. 31 x 200 = 62 W/m~ the average annual insolation reaching the pond's storage layer.
(3) The average temperature difference Td between pond and ambient, T -Ta, is 70°C -10°C = 60°C. Applying Eq. 2-1, the radius (in meters) of the required circular pond is: For a pond of a more conservative design, require the annual average pond ternperature to be 77°C; then the required surface arP.A iR ll,ROO m2 or 2.9 acres.
DEPTH CALCULATIQH
Using Section 2.2.2 as a reference, do the following calculations.
(1)
Adjust 1min for the reflection at the pond's surface by multiply:-ing lmin by the factor f associated with 4> + 24°. The latitude 4> + 24° is 39° + 24° = 63°, and the factor f from Table 2 
is satisfied when 0 = 1.2.
( 6) Add 1. 5 m to D, 1. 2 + 1. 5 = 2. 7 m, which gives the overall depth of the required pond including surface convecting and nonconvecting layers.
For a pond of a more conservative design, assume that the average annual pond temperature must ·be 7rc and the minimum must be 60°C. It was noted above that for the pond's average an~ual temperature to be 77°C, the surfaG~ area must be 11,800 m2. After a trial and error application o·f Eq. 2-2, it is found that a 1. 8 m depth of storage satisfies the requirement that Tmin = 60°C. Hence, the total pond depth requirement is 1.8 + 1.5 = 3.3 m.
VALIDATION OF EXAMPLE
The example in this section was analyzed with a finite element computer program designed specifically for the simulation of salt gradient solar ponds . The simulation used hourly ambient temperature and insolation data and monthly load data. After several iterative runs with different pond areas and.depths, a "minimal pond" (for average 70°C and minimum 48°C temperatures) and a "conservative pond" (for average 77°C and minimum
60°C temperatures) were found. Table 3 -1 shows the monthly average inputs and the resulting monthly pond temperatures in each case.
The minimal pond that WC1S sized using the detailed finite element computer program is 9500 m2 in surface area (2.35 acres) and 2.5 m deep.
By comparison, the pond. designed ·using the simple method measured 10,200 m2 (2.5 acres) in surface area and 2.7 m in depth.
The conservative pond that was obtained using the finite element program is 11,300 m2 (2.8 acres) in surface area and 3.5 m in depth, while its counterpart designed with the simple method is 11,800 m2 (2.9 acres) in surface area and 3.3 min depth.
The agreement, in these cases, is within 10% with the simple method usually erring on the conservative side. Table 4 -1 shows the results of s1z1ng the base case salt gradient solar pond using the simple technique described in Section 2.0, at various locations in the United States. The load is assumed to be 50 kWth on the average, attaining a maximum of 70 kWth during the peak demand period.
PREDICTED RESULTS FOR LOCATIONS IN THE UNITED STATES
Sizing calculations were performed for winter peaking and summer peaking loads.
Summer peaking loads are more likely at lower latitudes where solar ponds may be used for cooling. The surface area requirement is unaffected by the timing of the peak demand. The depth requirement is affected, however; greater depth is required for a winter peaking load.
Sizing was performed both for a "hot pond" (75°C average/50°C minimum) and a "warm pond" (60°C average/40°C minimum) at each location.
The surface area requirement for the hot pond to serve the specified load ranges from about one-half acre in Miami, Fla. and Los Angeles, Calif. to a little over two acres in Boston, Mass. Surface area requirements for the warm pond range from a little over one-third of an acre in Miami and Los Angeles to almost one acre in Boston. The depth requirement ranges from 1.9 m for a summer peaking load in Miami for both hot and warm ponds to 4.5 m for a winter peaking load and a warm pond in Denver.
(Note that the depth requirement may be relaxed by increasing the surface area and thereby raising the entire temperature profile of the pond. See also Section 8.0). 
RR-347 !555~1 1~1 -----------------------------------------------------------------------

SECTION 5.0 THE GENERAL SOLAR POND
ESTDIATING SURFACE AREA RlltQUIREMENT FOR THE GENERAL SOLAR. PO:ttm
Recall that certain assumptions, listed in Table 2 -1, were made for the base case salt gradient pond. These assumptions are reflected in the steps given in Section 2.0 for calculating the required surface area and depth for the base case salt gradient pond.
With a different pond design, however, the assumptions become different and the constants in the formulas must be changed. The thickness of the nonconvecting layer in the salt gradient pond might be altered,* for example, or the conductivity of the earth might be different from that assumed in the base case. The solar pond may not be a salt gradient pond at all but a saltless pond with surface glazings and temporary night insulation . This section and Section 5.2 describe the steps for calculating surface area and depth, for the general solar pond using the simple method.
Inpu1ts for Ca1cu1at:.ing Surface Area Requirement
In additi.on to the inputs listed in Section 2.1, the following are required for the general solar pond surface area calculations: Ta 5.1.1.;.1 the average optical transmission; i.e., the fraction of incoming (and nonreflected) insolation that reaches the pond's storage area; the average heat loss coefficient from the surface of the pond to the ambient air (in W/m2 °C); the average heat loss coefficient from the edges of the pond (in W/°C per meter of pond perimeter); and the average heat loss coefficient from the bottom of the pond to the earth (in W/m2 °C).
Average Optical Transmission
For the salt gradient pond, an approximate value of Ta may be read from Fig. 5-1 .
For example, in the base case salt gradient pond of Section 2.0, . the combined depth of the surface convecting layer and the nonconvecting layer is 1.5 m. The distance a sunbeam has to traverse actually is greater than 1.5 m, on the average, due to its oblique angle of incidence. Note, however, that refro9cti on will bend the direction of the sunbeam toward the normal. Assumi'{lg a path length slightly greater than 1. 5 m, an optical transmission Ta of about 0.31 is read from Fig. 5-1 . That is the same value used for the base case pond.
The optical transmission may be read from Fig. 5 -1 in a *Bear in mind that limitations on this thickness exist, depending on pond and ambient temperatures and salt type (see Tabor and Weinberger, forthcoming) . 
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S~ace Heat Loss Coefficient
For the salt gradient pond, the surface heat loss coefficient Us is a function of the thickness of the nonconvecting layer and, to a lesser degree, the thickness of the surface convecting layer. A conductivity in these layers of ·about 0.6 W-m/m2 °C was assumed for the base case. Using a combined nonconvecting layer and surface convecting layer thickness of 1. 5 m leads to an assumed heat loss coefficient of about 0.4 W/m2 °C.
(If the surface convecting layer were assumed to have no insulation value whatever, the heat loss coefficient would be closer to 0. 5 W/m2 °C). For a salt gradient pond with a different nonconvecting layer thickness, the surface heat loss coefficient will vary in inverse proportion to the thickness. For the saltless pond, the surface heat loss coefficient is a property of the surface configuration and glazings, and also of any night insulation that may be used. In the case of the saltless pond with night insulation, it probably is reasonable to average the daytime and nighttime surface heat loss coefficients to obtain Us•
Edge Beat Loss Coefficient
For the salt gradient pond, the edge heat loss coefficient De may be estimated from Fig. 5-2 . Since the surface area is calculated before depth in the simple sizing method, the storage layer depth can only be approximated. For example, the base case pond with a nonconvecting layer of 1.2 m used an edge loss coefficient of 2. 2 W/m °C.
This represented a fairly conservative assumption consistent with a storage depth of about 2-2.5 m (and overall pond depth of about 3.5-4 m). The accuracy of the method probably does not warrant the effort, but it would be possible to do a second iteration after the pond depth has been ascertained. 1 1 -1 ------------------------- with the surrounding earth.
If, in fact, the pond surface is above grade (with earth banked around the edges), then De will be larger than the value obtained from Fig. 5-2 , and if the pond surface is below grade, De will be smaller.
Less data on edge losses have been generated for 'the saltless pond, but it is reasonable to assume an edge loss coefficient Ue o.f 4 W/m °C (for an earth conductivity of 1.0 W-mfm2 °C).
"Sinking" the surface of the. saltless pond, i.e., filling to well below the surface of the earth, reduces edge losses considerably.
Bottom Heat Loss Coefficient
The bottom heat loss coefficient Ub is the most difficult parameter to estimate but, in general, the least important.
For the base case pond, Ub was assumed to be 0.1 W/m2 uc. This was roughiy based on the assumptions that the conductivity of the earth is 1.0 W-m/m2 °C, and that ground water (and therefore a heat sink) exists 10 m below the bottom of the pond. Different earth conductivities and groundwater conditions will alter Ub in obvious ways.
5.1.2
(1) (2) (3)
C'.alculat ions
Multiply I by the adjustment factor f found in Table 2 -2 for the given latitude ~ to obtaj_n Ir (as in Section 2.1.2, step 1).
Multiply Ir by Ta to obtain Ip• Let T = T -Ta. Then the radius r (in meters) of a circular pond needef to meet the requirements is given by (5-1) ( 4) Find the required surf ace area (in square meters) by using A. :::: 1T r2.
To obtain the required area in acres, multiply by 0.000247. 
Inputs
The inputs are the same as those listed in Section 2.2.1, plus Ta, Us, De and Ub as described ·in Section 5.1.1.
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Calculations
(1) Multiply Imin by the factor f read from Table 2 -2 for 4> + 24° to obtain Ir min• , (2) Estimate the optical transmission •Ottdn when the sun is at the winter solstice, whi~h will be less than the av~rage transmission Ta discussed in Section 5.1.1.
(For the base case pond, T~n was assumed to be 0.29 while Tci was assumed to be 0.31. These assumptions correspond to a sunbeam path length about 0.5 m longer at the winter solstice than at the equinox). Multiply Ir,min by T~in to obtain 1 p ,min"
as in Section 2.2.2, step 3. The values of cos 2na and sin 2na may be found in Table 2 Repeat with another trial D until a value of D is found such that tmin .= Tmin' the desired minimum pond temperature. The value of D thus obtained is the depth of the pond's storage layer.
(6) If the pond being sized is a salt gradient pond, add D to the depths of the surface convecting layer. and the nonconvecting layer to obtain the total depth.
Two sources of error must be considered: deviations in the results of the simple method from results of more detailed methods and deviations of the results of more detailed methods from experience.
Numerical estimates of the statistical magnitudes of these deviations must await extensive testing of the simple method against detailed methods and against experience.
A qualitative discussion, however, provides some insight into the origins and magnitudes of these errors.
SOURCES OF DEVIATION IN THE RESULTS OF THE S:n:MPLE METHOD FR.O:K RESULTS OF DETAILED METHODS
The deviations arise from the use of the assumptions in the simple sizing method.
Chief among these assumptions is the neglect of the thermal storage in the ground and, for the salt gradient pond, in the nonconvecting layer. This thermal storage can be taken into account by detailed finite element computer programs. This neglect represents a source of conservatism in the estimates of size, particularly in the estimate of depth. '
A second important assumption of the simple sizing method is that the variations in insolation, ambient temperature, and load with time can be described by sine waves (see the Appendix). The averages of the sine functions are assumed to be I, Ta, and""L,""respect~vely, and the amplitudes of their deviations are· assumed to be I, Ta, and L. Obviously, to the extent that the profiles of these variables over time can not be described by sine waves, errors will be introduced.
Daily and, perhaps, even weekly _deviations from the sine wave form should have little effect, but long term deviations will have a definite impact.
The size and direction of error will depend on the actual profiles of the variables.
The most likely candidates for error are locations where seasonal rainy or cloudy periods impose perturbations on the annual profiles. During such periods the pond temperature might be lower than that predicted by the model. Different circumstance~ will bring about differ~nt esti-' mation errors.
SOUR.CES OF DEVIATIOIW IN 'l'IIE RESULTS OF MOlliE DltTAU.JW METHODS FRQM RESULTS
OF EXPERIENCE · -;. , _::-
To put these simple method errors in perspective ·it must be noted that most sizing methods, no matter how detailed, deviate significantly from reality. Foremost of these deviations is the fact that a real solar pond has sloping and irregular sides, while a detailed model will represent it with vertical or regular sides. Also, it is not obvious whether "surface area" should be interpreted as the area of the upper pond face (surface), the area of the lower pond face· (bottom), or something in between. It is apparent that there is much leeway for interpretation and judgment on the part of the user, and, therefore, precise calculations of pond area are likely Lu be a waste of effort.
Both simple and detailed models must make assumptions about the optical transmissivity of the water. This transmissivity can vary significantly depending upon the quantity of suspended dust or other particles; surface impurities, suc_h as floating leaves; bacterial growth within the pond; and the type of salt used. The transmissivity estimates represented by Fig. S-1 are the best cu.rrently available; however, the sensitiv'ity of the required pond size to variations in the transmissivity assumptions may be tested by using the simple sizing me·thod described in this report.
All detailed models currently devised ignore horizontal convection currents and temperature gradients within the pond. This could be an important source of error since edge temperatures are likely to be lower than center pond temperatures.
All models also ignore the effects of localized heat extract~on from the pond. Most models, in fact, ignore edge effects entirely and simply solve for temperatures along a vertical axis within the pond • . These remarks suggest that the simple sizing method contains a number of sources for error, but even the most detailed simulation method will contain many of these sources of error.
For preliminary investigations the simple sizing method is probably accurate enough and requires relatively little calculation effort: Suppose that instead of desiring to fit a solar pond to a specified load, the designer has a specified area available for a solar pond and he wishes to determine what output it can provide.
He may either specify the average and maximum demands to be served and inquire as to what the consequent average and minimum pond temperatures will be; or specify the average and minimum output temperatures required and inquire as to what average and maximum demands can be served at those temperatures.
This section addresses the first possibility while Section 7.2 deals with the second possibility.
Inputs
Required inputs are Ta, L, ~' I, Ta min' Imin' Lmax' M, Ta, Us, Ue, and Ub as ' specified in Sections 2. 1.1, 2. 2. 1, and 5. 1. 1.
In addition, the pond area A (in square meters) and perimeter P and depth D (in meters) are required as inputs.
(Note: if any or all of Ta min' Imin' Lmax' M, or D are unavailable, ' steps 1 through 3 ?f the calculations below may still be executed to find the average pond temperature.)
Calculations
(1) Multiply I by the adjustment factor f found in Table 2 -2 for the given latitude ~ to obtain Ir (same as Sections 2. 1. 2 and 5. 1. 2, step 1).
(2) Multiply Ir by Ta to obtain Ip (same as Section 5.1.2, step 2).
(J) Flw.l the ci"ll'l!:r4ge annual pond temperature by T T a Values of cos 2~a and sin 2~a may be found in Table 2 
(1) Multiply I by the adjustment factor f found in where cos 2na and sin 2na may be read from Table 2- 
HINTS FOR APPLICATION OF THE METHOD
In solving a practical s1z1ng problem, any of the calculations from Sections 2.0, 5.0, and 7.0 may be used. First, one might calculate surface area and depth for a base case salt gradient pond using Section 2. 0. H transmission and heat loss coefficients are known and diverge significantly from those of the base case pond, Section 5.0 may be used instead. If the depth requirement happens to be greater than desirable, considering the ground conditions where the pond will be built, a larger 'surface area may be selected and the calculations rerun. A larger surface area raises the entire temperature profile of the pond, and, therefore, decreases the depth required to achieve the specified minimum temperature. To find the new average annual temperature, apply the calculations in Section 7.1.
If the pond will not be circular but, say, oblong with a specified width restriction, the size obtained from the sizing calculations for the circular pond will give some indication as to how long the pond must be.
To test a trial length and width configuration for the oblong pond, run the calculations in Section 7.1 to see if the average and minimum temperatures meet the requirements.
If they do not, the pond may be lengthened and the calculations retried. In this manner--investigating various pond configurations, output temperatures, and loads by· first applying one calculation, then revising and trying another, and so on--one may design, with relative eA~P., A pond whose size and shape fits into a particular context and whose output serves a satisfactory load.
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APPENDIX
DERIVATION OF THE METHOD
Whatever their differences, the various solar pond designs have a very large body of thermal storage in common. It is assumed that this storage is so iarge that daily fluctuations in ambient temperature and insolation have a ~egligible effect on the temperature of storage and that only seasonal variations in the environment need be considered.
It is assumed also that the heat loss from storage is related linearly to the difference between the temperature of storage and the temperature of the ambient air and to the difference between the temperature of storage and the temperature of the ground. This means there must be effective heat loss coefficients Ua and Ug such that the rate of heat loss is ·ua(T -Ta) + Ug(T -Tg),
where Ta is the ambient temperature, Tg is the ground temperature (presumably equal to Ta, the average annual ambient temperature), and T is the temperature of the storage layer of the pond.
In the saltless pond, T is assumed to be the temperature at any point.
Suppose that characteristic heat loss coefficients Us, Ue, and Ub can be identified for a pond of surface area A, perimeter P, and depth D where Us is the coefficient of heat loss from the surface of the pond (in W/m2-°C), Ue is the coefficient of heat loss from the edges of the pond (in W/m2 °C), Ub is the coefficient of heat loss from the bottom of the pond (in W/m2 °C), and A is measured in square meters with P and D measured in meters. Then, the coefficients of heat loss to the ambient air Ua and to the ground Ug, respectively, can be expressed ·in terms of Us, Ue, Ub, A, and P as follows: · Ua = AUs + PUe, and Ug = AUb
It is a reasonable approximation to model the insolation and the ambient temperature as sine waves, and, for simplicity, it is also assumed that the load can be represented as a sine wave. Let A signify the solar collection area, Ta the fraction of insolation transmitted to the storage area of the pond, and PVcp the total heat capacity of storage (where P is the water density, V is the volume of storage, and Cp is its heat capacity ·per unit mass). and t 0 is the startup date for the pond (in years from January 1), at which time it is assumed T = Ta. S is the number of seconds in a year if I and L are expressed in watts.
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Note that Eq. A-1 expresses the pond storage temperature as the sum of the long term average pond temperature T, a periodic temperature deviation ljl( t), and a transient term C(t 0 )eat.
·setting the derivative of Eq. A-1 equal to zero, one finds that in the steady state extreme temperatures occur at the times (1/2n) tan-1 [1ji(0.25)/1ji(O)]. By plugging these times into Eq. A-1 one can find the maximum and minimum temperatures.
